We transduced MV genes into normal OCL precursors to determine their role in the abnormal OCL activity in Paget's disease. In particular, we constructed retroviral vectors expressing the MVNP and the MV matrix (MVM) genes, and transduced these constructs into normal marrow cells to determine whether the expression of a particular MV gene induced a phenotype in OCLs that was very similar to the phenotype of OCLs from Paget's patients. Results of these studies demonstrated that expression of the MVNP gene, but not the MVM gene, in normal OCL precursors enhanced formation of OCLs that had many of the characteristics of pagetic OCLs.
Retroviral vector construction and viral supernatant preparation. MVNP and MVM cDNA clones were generous gifts from Chris Richardson, University of Toronto, Toronto, Canada. A 1.6-kb MVNP cDNA fragment was excised from the pETL-NP#30 plasmid by digestion with NheI, and was subcloned into the pLXSN retroviral vector (CLONTECH Laboratories Inc., Palo Alto, California, USA) at the XhoI site. The resulting plasmid clone pILXAN#1 transcribes MVNP mRNA expression under the control of 5′ LTR viral promoter elements. Similarly, the MVM retroviral construct pILXB29M#2 was developed by subcloning a 1-kb DNA fragment encoding the MVM gene into the pLXSN vector. The recombinant plasmid constructs were transfected into the PT67 amphotropic packaging cell line using the calcium phosphate method (12) . Stable clonal cell lines PT67-NP#2 and PT67-M#2, producing MVNP and MVM recombinant retrovirus at high titer (10 6 virus particles/mL), were established by selecting for resistance to neomycin (600 µg/mL). Similarly, a PT67-EV control retrovirus producer cell line was established by transfecting the cells with the pLXSN empty vector (EV). Producer cell lines were maintained in DMEM containing 10% FBS, 100 U/mL each of streptomycin and penicillin, 4 mM L-glutamine, and high glucose (4.5 g/L). Retroviral supernatants from the producer cell cultures were collected and filtered (0.45 µm pore diameter) for immediate use. The retrovirus stocks prepared were demonstrated to be helper-free by a marker assay (13) . Viral titers present in the culture supernatants were determined by multiplicity of infection of NIH 3T3 fibroblast cells in serial dilutions, and scoring G418-resistant (0.5 mg/mL G418) CFU formed as described (14) .
Transduction of human bone marrow cells. Isolated human bone marrow cells were prestimulated for 1 day in α-MEM containing 10 ng/mL each of IL-3, IL-6, and stem cell factor (R&D Systems Inc., Minneapolis, Minnesota, USA), and 10% FBS (GIBCO BRL, Grand Island, New York, USA). After prestimulation, the bone marrow cells were cultured for 96 hours at 37°C in a humidified atmosphere of 5% CO 2 , at a density of 10 5 cells/mL to 2 × 10 5 cells/mL, with supernatant containing the vector. Cultures were supplemented with 4 µg/mL of polybrene, 20 ng/mL of IL-3, 50 ng/mL of IL-6, and 100 ng/mL of stem cell factor. In preliminary experiments, we determined the cytokine combination that supported the highest transduction efficiency. After 24 hours, the cells were centrifuged and the old supernatant was removed. Freshly prepared viral supernatants supplemented with polybrene and growth factors were added, and cultures were continued for 24 hours. On day 3, cells were harvested for short-term CFU-GM clonogenic assays in methylcellulose (as described below). An aliquot of the cells was evaluated for MVNP expression by immunostaining and Western blot analysis. As a control, some of the cells were cultured under the same experimental conditions, except that viral supernatant containing the EV was added, or no viral supernatant at all was added.
Immunostaining. Monoclonal antibodies that react with the MVNP and the MVM were obtained from Chemicon International (Temecula, California, USA). The cells were fixed with 1% formaldehyde, and crossreactivity with the various monoclonal antibodies was determined using avidin-biotin-conjugated rabbit antimouse IgG coupled to alkaline phosphatase (VECTAS-TAIN-ABC-AP kit; Vector Laboratories, Burlingame, California, USA).
Western blot analysis. Normal human bone marrowderived mononuclear cells were transduced with PT67-NP#2 and PT67-M#2 retroviruses expressing MVNP and MVM proteins respectively, as described above. After 48 hours, cells were washed twice with ice-cold PBS and lysed with SDS sample buffer (62.5 mM TrisHCl at pH 6.8, 2% SDS, 10% glycerol, 50 mM DTT, and 0.1% bromophenol blue). The cell lysates (20 µg of protein) were subjected to SDS-PAGE using 10% gels (BioRad Laboratories, Hercules, California, USA) and blot transferred onto a PVDF membrane (Millipore Corp., Bedford, Massachusetts, USA). After blocking with 5% skim milk in Tris-buffered saline containing 0.1% Tween-20 (TBST), the membrane was incubated for 1 hour with sera from patients infected with MV that recognizes both the MVNP and MVM proteins (generously provided by Don Forthal, University of California at Irvine, Irvine, California, USA) at 1:200 dilution in TBST containing 1% BSA. The blot was then incubated for 1 hour with horseradish peroxidase-conjugated goat anti-rabbit IgG (DAKO Corp., Carpinteria, California, USA), and the bands were revealed by an enhanced chemiluminescence system (Amersham Life Sciences Inc., Arlington Heights, Illinois, USA).
CFU-GM assay in methylcellulose culture. Transduced cells were cultured at 5 × 10 3 cells/well in α-MEM (GIBCO BRL, Grand Island, New York, USA) containing 1.2% methylcellulose, 30% FBS, 1% deionized BSA (Sigma Chemical Co., St. Louis, Missouri, USA), and 100 pg/mL recombinant human GM-CSF (Immunex Corp., Seattle, Washington, USA) with or without 500 µg/mL G418. Transduced cells were plated in a volume of 1.0 mL in 35-mm culture dishes (Corning, New York, New York, USA), as reported previously (11) . The dishes were incubated at 37°C in a humidified atmosphere of 5% CO 2 for 7 days. Colonies were scored after 7 days of culture using an inverted microscope, and G418-resistant colonies were individually collected, using finely drawn pipettes, for use in all OCL formation assays.
Long-term cultures for OCL formation. G418-resistant CFU-GM-derived cells (5 × 10 3 ), obtained as described above, were cultured in α-MEM containing 20% horse serum, M-CSF (100 ng/mL), and either 1,25-(OH) 2 D 3 (10 -8 M) or RANK ligand (100 ng/mL; generously provided by Immunex Corp.), in Lab-Tek chamber slides (Nalge Nunc International, Naperville, Illinois, USA). The cultures were fed every 3 days by replacing half the media, and after 14 days or 21 days of culture, the cells were fixed with 1% formaldehyde and tested for crossreactivity with monoclonal antibody 23c6, which rec-ognizes the OCL vitronectin receptor (generously provided by Michael Horton, Rayne Institute, Bone and Mineral Center, London, United Kingdom), using a VECTASTAIN-ABC-AP kit (Vector Laboratories). The 23c6-positive multinucleated cells were scored using an inverted microscope.
Bone resorption assays. Sperm whale dentin slices were sterilized with 70% ethanol. The transduced cells (5 × 10 3 ) were cultured for multinucleated cell formation, as described above. When multinucleated cells formed, the media was changed to α-MEM and 20% horse serum containing 1,25-(OH) 2 D 3 (10 -8 M). Dentin slices were placed in these cultures, and the cultures were continued for 1 week. To remove the cells, the dentin slices were scrubbed with a toothbrush. The dentin slices were examined by microscopy for formation of resorption lacunae.
PCR amplification of reverse-transcribed mRNA. Normal marrow cells, cultured for 2 days with viral supernatants (or after 7 days of culture for CFU-GM), were subjected to RT-PCR analysis for IL-6, 24-hydroxylase, or RANK gene expression as follows. Total RNA from these cells was extracted using RNAzol B solution (TelTest Inc., Friendswood, Texas, USA) and reverse transcribed. Five percent of the first-strand cDNA pool was subjected to PCR amplification using gene-specific PCR primers following standard protocols. The genespecific primers for IL-6 mRNA (GenBank accession number S56892) were 5′-ATG AAC TCC TTC ACA AGC GC-3′ (sense) and 5′-GAA GAG CCC TCA GGC TGG ACT G-3′ (antisense). The gene-specific primers for 24-hydroxylase mRNA (GenBank accession number L13286) were 5′-ATT ACC TGA GAA TCA GAG GCC ACG-3′ (sense) and 5′-GCC AAA TGC AGT TTA AGC TCT GCT-3′ (antisense). The gene-specific primers for RANK mRNA (GenBank accession number AF018253) were 5′-GTC TGC CCT GTG GCC CGG ATG AA-3′ (sense) and 5′-GCA AAC GCC AAA GAT GAT GGC AG-3′ (antisense). The conditions for amplification were as follows: a 5-minute initiation step at 94°C; 35 cycles at 94°C for 1 minute, 55°C for 1 minute, and 72°C for 1 minute; and finally an extension step at 72°C for 7 minutes. Preliminary experiments demonstrated that these conditions were during the linear phase of the PCR reaction. PCR products were separated by 2% agarose gel electrophoresis and were revealed with ethidium bromide staining under ultraviolet light. The relative amounts of RANK mRNA expressed were determined by densitometry and compared with β-actin mRNA expression levels.
Electrophoretic mobility shift assay. Nuclear extracts were prepared from CFU-GM-derived cells (10 6 ) as described by Dignam and coworkers (15) . The sequence of the NF-κB-binding oligonucleotide used as a radioactive DNA probe was 5′-AGT TGA GGG GAC TTT CCC AGG-3′. The DNA binding reaction was performed at room temperature in a volume of 15 µL, which contained the binding buffer (10 mM Tris-HCl at pH 7.5, 0.5 mM EDTA, 1 mM MgCl 2 , 4% glycerol, 50 mM NaCl, and 0.5 mM DTT), 50 µg/mL of poly(dI-dC), 10 5 cpm 32 P-labeled probe, and 8 µg of nuclear proteins in the presence or absence of 50-fold excess unlabeled probe. After incubation for 20 minutes, the samples were electrophoresed on native 6% acrylamide, 10 mM Trisglycine (pH 8.6) gels. The gels were dried and exposed to x-ray film overnight.
Statistics. Transduction efficiency was determined by calculating the ratio of the number of CFU-GM colonies that formed in the presence of G418 to the number that formed in the absence of G418. The results of transduction and culture assays are reported as mean ± SD. Significance was evaluated using a 2-sided, unpaired Student's t test, with P < 0.05 considered significant. Experiments using bone marrow cells from 10 of 10 separate normal marrow donors showed a similar pattern of results.
Results
Transduction of OCL precursors. Two days after transduction of the MVNP gene into human bone marrow cells, MVNP gene expression was evaluated by immunostaining; 10-15% of the cells cross-reacted with the anti-MVNP monoclonal antibody (Figure 1a) . The cells were then cultured for CFU-GM, the earliest identifiable OCL precursor, with or without G418 (500 µg/mL). Transduction efficiency as assessed on day 7 of CFU-GM colony formation was approximately 20% (Figure 1b) . Almost all of the nontransduced cells were killed by treatment of the cultures with 500 µg/mL of G418 (Figure 1b) . Western blot analysis confirmed that the transduced cells expressed the appropriate MV protein (Figure 1c) . (Table 1) significantly increased the number of OCL-like multinucleated cells, as determined by their cross-reactivity with the 23c6 monoclonal antibody, and the number of nuclei per multinucleated cell formed by the MVNP-transduced cells (Table 1) . The MVM-transduced cells and normal bone marrow cells formed similar numbers of multinucleated cells after 3 weeks (Table 1) . Furthermore, the multinucleated cells formed by MVNP-transduced human bone marrow cells were morphologically different than nontrans-
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Expression of RANK and secretion of IL-6 by MVNP-and MVM-transduced mononuclear cells.
To help determine the mechanism responsible for the increased OCL formation by MVNP-transduced cells, we examined the expression of RANK and IL-6 by MVNP-transduced cells. RANK is expressed on committed OCL precursors and is critical for OCL formation (17, 18) . Furthermore, IL-6 is expressed at high levels by pagetic OCLs, but not by normal OCLs, and may act as an autocrine factor to increase OCL formation in patients with Paget's disease (19) . IL-6 also increases proliferation of early OCL precursors (20) . Total RNA isolated from the D 3 and media alone for 3 days. Total RNA was extracted from the cells and subjected to reverse transcription using random primers. The first-strand cDNAs were submitted for PCR analysis for 24-hydroxylase with the specific primers. PCR was performed for 35 cycles. PCR products were separated by electrophoresis on 2% agarose gels, and the 348-bp product was revealed with ethidium bromide staining under ultraviolet light. Similar results were detected in 2 independent experiments. Long-term transduced human marrow (CFU-GM) cultures were treated with vehicle (media alone) or 10 -8 M 1,25-(OH)2D3 as described in Methods. Conditioned media were harvested at 7 to 14 days after addition of 1,25-(OH)2D3 and fresh media. The concentration of IL-6 present was determined using an ELISA kit for human IL-6 (R&D Systems Inc.). Results are reported as IL-6 concentration (pg/mL) and are the mean of duplicate samples. A similar pattern of results was seen in 2 independent experiments. Activation of NF-κB by RANK. We then determined if the increased expression of RANK by MVNP-transduced cells in the absence of RANK ligand resulted in greater activation of NF-κB than that resulting from increased expression of RANK by MVM-transduced cells. Enhanced expression of RANK in MVNP-transduced cells activated NF-κB to similar levels in the absence of RANK ligand and when prestimulated with RANK ligand for 30 minutes (Figure 4b, lanes 5 and 7) . In contrast, addition of RANK ligand was required to activate NF-κB in EV-transduced cells (Figure 4b, lanes  1 and 3) . MVM-transduced cells expressed lower levels of NF-κB than did MVNP-transduced cells in the absence of RANK ligand; addition of RANK ligand increased NF-κB activation 2-to 3-fold (Figure 4b , lanes 9 and 11).
MVNP-, MVM-, and EV-transduced cells was analyzed

Discussion
OCLs from individuals with Paget's disease contain nuclear and cytoplasmic inclusions that have been reported to cross-react with antibodies to nucleocapsids from paramyxoviruses, including MV, respiratory syncytial virus, and canine distemper virus (4) (5) (6) (7) (8) . Our previous studies have suggested that MV is the most common virus detectable in the patients we have studied. However, it has not been determined whether these inclusions represent chronic paramyxoviral infection of cells in the OCL lineage, or whether these viral genes have any pathologic role in Paget's disease. Our data suggest that OCLs formed by normal OCL precursors that express the MVNP gene have many of the characteristics of OCLs from patients with Paget's disease. mal OCLs except in their capacity to produce IL-6 and to express RANK mRNA. The mechanisms responsible for the abnormalities in OCLs induced by the MVNP gene are unclear. Increased OCL formation could result from upregulation of RANK expression and increased expression of IL-6 by OCL precursors. Normal OCL precursors transduced with the MVNP gene or the MVM gene demonstrated increased NF-κB signaling in the absence of RANK ligand. However, the level of NF-κB signaling in the absence of RANK ligand was not sufficient to induce OCL formation when M-CSF was added to the cultures (data not shown). RANK ligand is a critical OCL differentiation factor that, at doses of 10-100 ng/mL in combination with M-CSF, induces OCL formation. RANK ligand may mediate the effects of most osteotropic factors on OCL formation (17, 18) . Anderson and coworkers (21) have reported that overexpression of RANK in 293 cells is sufficient to activate NF-κB in a ligand-independent manner. Increased expression of RANK in normal OCL precursors transduced with the MVNP gene may be responsible for NF-κB signaling in the absence of RANK ligand. This increased NF-κB signaling could result in an enhanced differentiation potential of bipotent early OCL precursors toward the OCL lineage in the presence of appropriate osteotropic factors, rather than toward the mature monocytic lineage. Alternatively, other cytokines such as IL-6 or TNF-α also signal through NF-κB, and could be responsible for the increased NF-κB signaling in MVNP-and MVM-transduced cells in the absence of RANK ligand.
We have shown previously that IL-6 appears to be an autocrine/paracrine factor that stimulates OCL formation in patients with Paget's disease (19) . IL-6 levels are markedly increased in the marrow from patients with Paget's disease compared with normal individuals, and IL-6 induces OCL formation (22) . Furthermore, De La Mata et al. (23) have shown in vivo that IL-6 stimulates expansion of the OCL precursor pool, which can then interact with low levels of osteoclastogenic factors (such as PTHrP) that induce OCL precursor differentiation and markedly increase OCL formation. Other workers have shown that infection of cells in the monocyte lineage with MV results in marked upregulation of IL-6 production, with little or no production of IL-1β or TNF-α (24) . Taken together, these data suggest a role for IL-6 in the expansion of the OCL precursor pool in Paget's disease, and further suggest that the MVNP gene may be responsible in part for the enhanced IL-6 production by OCLs from Paget's patients.
OCL precursors transduced with the MVNP gene also showed increased sensitivity to 1,25-(OH) 2 D 3 , analogous to OCL precursors from patients with Paget's disease (25) . We have shown that enhanced sensitivity to 1,25-(OH) 2 D 3 is an intrinsic property of OCL precursors from Paget's patients, and that it may result from increased affinity of the vitamin D receptor for 1,25-(OH) 2 D 3 (26) . Similarly, OCL precursors transduced with the MVNP gene showed increased expression of 24-hydroxylase mRNA in response to 1,25-(OH) 2 (27) demonstrated that MVNP proteins can interact with a variety of cellular proteins. Immunoprecipitation studies using glutathione S-transferase nucleocapsid protein constructs demonstrated that MVNP interacted specifically with at least 12 cellular proteins.
In summary, our data support a potential pathophysiologic role for MV in the abnormal OCL morphology and activity in patients with Paget's disease. In particular, our data suggest that expression of the MVNP gene is important. However, we cannot state that these changes are unique to expression of the MVNP gene, because we did not test other viral nucleocapsid genes. Further studies are required to delineate the molecular mechanisms responsible for the effects of MVNP protein on OCL activity in these patients.
